Silver nanoparticles (NPs) are known to exhibit strong interaction with light photons because their surface conduction electrons undergo collective oscillations once photo-excited at specific wavelengths; the so-called surface plasmon resonance (SPR). Their incorporation into carbon-based material is shown to greatly influence the overall optical response of the matrix due to aggregation. In this paper, we studied the optical response of silver-irradiated amorphous carbon films due to varying fluence of 25 keV Ag ions in the range 2.5-3.4 × 10 16 ions/cm 2 . Raman spectroscopy provided an insight into the microstructural details of the Ag:a-C nanocomposites such that access to bond characteristics of the films is enabled by directly linking the Raman information with sp 2 /sp 3 configurations. Atomic force microscopy (AFM) analysis show significant increase in particle grain size and surface roughness of the films with increasing fluence while transmission electron microscopy (TEM) confirmed fluence-induced particle aggregation due to irradiation. Optical absorption studies revealed that the SPR of Ag NPs occurs in the wavelength range 418-395 nm in the irradiated films. The blue shift in plasmonic wavelength response is explained with respect to the fluence-induced increase in the particulate grain size and particle density as confirmed by AFM and TEM. The optical band gap energy (E g ) of the pristine carbon film decreased from 1.79 eV to 1.41 eV while Urbach parameter (E u ) increased from 0.01 eV to 12.0 eV, respectively with increasing fluence. These tunable optical parameters can be tailored into applications in surface coatings and as functional materials for solar cell efficiency enhancement.
Introduction
Carbon as a unique material generally exists in two main isotopes ( 12 C and 13 C) and is, under normal conditions, highly unreactive despite its versatility in compound formation [1] . In addition to its two well-known allotropes, diamond and graphite, the discoveries of buckminsterfullerene C 60 [2] as well as carbon nanotubes (CNTs) [3] added to the family of carbon allotropes and opened up an entirely new era in the field of material science and technology. Much later, the most recent allotrope, graphene, was discovered as a single sheet extract of the three-dimensional graphite structure obtained via micromechanical cleavage techniques [4] . In the last few decades, researchers in carbon and carbon related materials have focused on optimization of applications through combining carbon or its related materials with other elements or particles of other elements (both in micro and nanoscales) to achieve C 2019, 5, 45 2 of 12 certain improved properties. Thus, much interest is focused towards the development of new materials from carbon; utilizing its unique properties for different applications.
Different forms of carbon-based materials undergo property modification via irradiation with energetic ions [5] . Ion implantation is a materials engineering process and an alternative to diffusion, which is used to produce a shallow surface region of dopant atoms deposited into a target material [6] . The process allows the possibility of modifying the physical, chemical, electrical as well as optical properties of solid materials [7] for various applications ranging from medical [8] , optoelectronic [9] , photonic devices [10] , biosensors [11] and photovoltaics [12] . Several ion species like N, Ti, Cr, Si, Ar, Ag, Cu, and Au etc. have been used with great success in modifying the properties of metals, inorganic materials and polymeric substrates for various research and industrial purposes [13] .
Noble metals-containing nanostructured materials have attracted great attention of researchers in the past few decades [14] [15] [16] [17] [18] [19] [20] [21] because the metal nanoparticles exhibit a pronounced resonance extinction of visible light due to the collective excitation of quasi free electrons of the metallic system [22] [23] [24] . This phenomenon causes the absorption and scattering intensities of the metal nanoparticles to be much higher than that of identically sized non-plasmonic nanoparticles [25] . Additionally, under normal operating conditions, maintaining all pristine and inherent properties of the nanoparticles, the optical spectra remains unaffected [23] . However, the geometry (size and shape), local refractive index as well as particle aggregation tremendously affect the optical properties of materials containing these nanoparticles [26] .
This paper seeks to study the effect, on the optical response, of thin films of amorphous carbon bombarded with energetic Ag ions via accelerator-based ion implantation. Atomic interactions during ion irradiation cause the accelerated ions to lose energy, via collisions with the electrons of the atoms as well as the nuclei of the target atoms, in two distinct but simultaneous processes of electronic and nuclear stopping [27] . The implanted ions alter the properties of the materials which include the optical, electrical and mechanical characteristics [28, 29] . For the implanted carbon films in this study, the Ag ions aggregate to form nanoparticles resulting in Ag-C nanocomposite thin film. The implanted fluence is capable of changing the density and size of the Ag nanoparticles which leads to change in their dielectric properties and consequently the particulate surface plasmon resonance wavelength [5, 30] .
In this work, we confirm the effects of the particle aggregation/size increase on the overall optical response of the nanocomposites in relation to the observed blue shift in the surface plasmon resonance wavelength.
Experimental Details
Floatable amorphous carbon thin films of thickness 40 µg/cm 2 were obtained from the YISSUM Research Development Company, Jerusalem, Israel for this work. These films were deposited on glass substrates of dimensions 7.5 cm × 2.5 cm. Preliminary investigations into the optical absorption of the as-deposited films were carried out on three samples (A, B and C) using a Carey 500 UV-VIS-NIR spectrophotometer manufactured by Varian at the School of Physics, University of the Witwatersrand, Johannesburg. The films were irradiated with 25 KeV Ag ions using the Varian 200-20 A2F ion implantation system at iThemba Labs, Gauteng, South Africa. The implanted fluence for the three samples A, B and C were 2.5 ions/cm 2 , 3.0 ions/cm 2 and 3.4 × 10 16 ions/cm 2 , respectively. The average beam current was 0.55 µA. The predicted range of Ag ions in the carbon film is~183 A as determined from the SRIM simulation program [31] . Optical absorption measurements was carried out on the implanted films as stand-alone and compared with those of a pristine reference film. Raman spectra were acquired using a 514.5 nm line of a Lexel Model 95 SHG argon ion laser and a Horiba LabRAM HR Raman spectrometer equipped with an Olympus BX41 microscope attachment at the University of the Witwatersrand. The incident laser beam was focused onto the sample using a 100× objective (N.A. = 0.90) and the backscattered light was dispersed via a 600 lines/mm grating onto a liquid nitrogen-cooled charge-coupled device (CCD) detector. The scan range was 100-1900 C 2019, 5, 45 3 of 12 cm −1 and the laser power at the sample was approximately 0.4 mW in order to minimize localized heating effects. The Raman spectra was able to probe the bond characteristics of the films with the Raman information from the sp 2 /sp 3 configurations. A sub-nanometer Veeco Dimension 3100 atomic force microscope was used to measure the surface morphology of the Ag:a-C nanocomposites. Sections of the nanocomposites were floated onto copper transmission electron microscope (TEM) grids and corresponding micrographs were obtained using a FEI Tecnai G2 Spirit transmission electron microscope at the MMU unit at Wits University. The images were recorded at 120 kV and was ideal for imaging the distribution and size of the nanoparticles embedded in the carbon thin films.
Results and Discussion

Raman Spectroscopy
The pristine carbon film displayed similar trend of characteristics as those of microcrystalline graphite showing distinct D and G peaks around 1355 cm −1 and 1575 cm −1 , respectively as shown in Figure 1a . Other Raman studies on amorphous carbon films have shown that the 1575 cm −1 is typically referred to as the G band and commonly attributed to the Raman active mode of graphite-like carbon [32] [33] [34] [35] [36] [37] . Ferrari and Robertson [37] relate the D band (~1355 cm −1 ) to a breathing mode, involving phonons, that is only active in carbon films with relative disorder and which is absent in perfect graphite materials. Based on the literature, we conclude that the unimplanted film was composed of an amorphous carbon phase with graphitic micro grains. After ion implantation, the D-band and G-band are still prevalent in the implanted material (Figure 1b -d) and their characteristics are summarized in Table 1 . At the lower fluences of implantation (2.5-3.0 × 10 16 ions/cm −2 ), the Ag nanoparticles are well embedded within the amorphous carbon films such that no interactions, due to impurity atoms in the atmosphere, are possible other than the ion-atom interactions within the matrix. At the higher fluence of 3.4 × 10 16 ions/cm −2 however, adequate particle aggregation had taken place so that the near surface Ag nanoparticles formed oxides due to exposure to oxygen atoms in the environment. The observed raman band around 240 cm −1 for the sample implanted with a fluence of 3.4 × 10 16 ions/cm −2 is attributed to the vibrational modes of silver oxide (AgO) phase in the Ag:a-C nanocomposites. This is in concordance with the findings by Raju et al. [38] , while reporting on the chemical activity observed on silver colloids synthesized for surface enhanced raman scattering (SERS), which showed the presence of vibrational bands at 230 cm −1 as the position of Raman active silver oxide mode. A similar result was also reported by Débarre et al [39] . 
Atomic Force Microscopy
2D AFM images of pristine and 25 keV Ag irradiated a-C thin films are shown in Figure 2a -d. It is observed that the surface roughness of respective samples increase with the increasing fluence of irradiation. The gradual increment in roughness is attributed to sputtering effects on the surface of the films due to energetic ion bombardment. We also note that for the sample irradiated with highest fluence (3.4 × 10 16 ions/cm 2 ), the roughness is influenced by the agglomeration of Ag nanoparticles. This is in good agreement with the observations by Sharma et al. [40] . The observed increase in average grain size from ~9 nm to ~21 nm for the highest irradiation 
2D AFM images of pristine and 25 keV Ag irradiated a-C thin films are shown in Figure 2a -d. It is observed that the surface roughness of respective samples increase with the increasing fluence of irradiation. The gradual increment in roughness is attributed to sputtering effects on the surface of the films due to energetic ion bombardment. We also note that for the sample irradiated with highest fluence (3.4 × 10 16 ions/cm 2 ), the roughness is influenced by the agglomeration of Ag nanoparticles. This is in good agreement with the observations by Sharma et al. [40] . The observed increase in average grain size from~9 nm to~21 nm for the highest irradiation fluence is attributed to particle agglomeration that has taken place as a result of increased Ag ion concentration. This is due to the high surface free energy of the smaller Ag nanoparticles (high specific surface area) resulting C 2019, 5, 45 5 of 12 in particle agglomeration which form larger nanoparticles with a lower surface free energy [41] [42] [43] [44] [45] [46] . The comparative roughness for the pristine and Ag irradiated a-C thin films for the highest fluence are shown in Figure 3a ,b.
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Transmission Electron Microscopy
UV-Visible Absorption Spectroscopy
This rapid absorption increase as well as the clearly observed absorption peaks (395-418 nm) is due to the surface plasmon resonance (SPR) of the Ag nanoparticles [26] embedded in the amorphous carbon matrix. The intense and sharp plasmonic resonance responses of the carbon nanomaterials occur because of the variations in the inherent dielectric properties of amorphous carbon leading to small overlaps between the localized SPR of the Ag NPs and their interband transitions that usually start at a wavelength of about 320 nm [45] . Singhal et al. [5] observed similar SPR peaks for C-70 fullerenes irradiated with high energy (120 MeV) and low fluence (~10 13 ions/cm 2 ) Ag ions and attributed these to the nanoparticles in the carbon matrix. Figure 5a shows the optical absorption spectrum for the pristine carbon film with reasonable transmission in the infrared and near infrared regions of the spectrum (~27%) but displayed stronger absorption within the visible region. Optical spectra for Ag:a-C nanocomposites show an increase in light absorption within the visible and near infrared regions with respect to the irradiation fluence. Figure 5b shows the combined absorbance spectra of the Ag:a-C nanocomposites analyzed as stand-alone films.
This rapid absorption increase as well as the clearly observed absorption peaks (395-418 nm) is due to the surface plasmon resonance (SPR) of the Ag nanoparticles [26] embedded in the amorphous carbon matrix. The intense and sharp plasmonic resonance responses of the carbon nanomaterials occur because of the variations in the inherent dielectric properties of amorphous carbon leading to small overlaps between the localized SPR of the Ag NPs and their interband transitions that usually start at a wavelength of about 320 nm [45] . Singhal et al. [5] observed similar SPR peaks for C-70 fullerenes irradiated with high energy (120 MeV) and low fluence (~10 13 ions/cm 2 ) Ag ions and attributed these to the nanoparticles in the carbon matrix. Figure 4 shows the TEM images of the implanted films showing an increase (left to right) in particle density/size as a function of implantation fluence. At the highest fluence of implantation (right micrograph), the Ag nanoparticles agglomerated (particle aggregation) into silver-rich regions in the Ag:a-C nanocomposites. Figure 5a shows the optical absorption spectrum for the pristine carbon film with reasonable transmission in the infrared and near infrared regions of the spectrum (~27%) but displayed stronger absorption within the visible region. Optical spectra for Ag:a-C nanocomposites show an increase in light absorption within the visible and near infrared regions with respect to the irradiation fluence. Figure 5b shows the combined absorbance spectra of the Ag:a-C nanocomposites analyzed as stand-alone films.
This rapid absorption increase as well as the clearly observed absorption peaks (395-418 nm) is due to the surface plasmon resonance (SPR) of the Ag nanoparticles [26] embedded in the amorphous carbon matrix. The intense and sharp plasmonic resonance responses of the carbon nanomaterials occur because of the variations in the inherent dielectric properties of amorphous carbon leading to small overlaps between the localized SPR of the Ag NPs and their interband transitions that usually start at a wavelength of about 320 nm [45] . Singhal et al. [5] observed similar SPR peaks for C-70 fullerenes irradiated with high energy (120 MeV) and low fluence (~10 13 ions/cm 2 ) Ag ions and attributed these to the nanoparticles in the carbon matrix. In this work, however, particle aggregation occurs after low energy (25 keV) and high fluence (~10 16 ions/cm 2 ) implantation of Ag ions. As the particles aggregate, their inter-atomic spacing decreases and the distance between the two corresponding valence bands reduces thereby increasing the frequency of the electromagnetic emission after being laser-excited and consequently a decreased wavelength (blue shifting) [46] . Particle size and morphology dependence of the SPR peak positions of Ag nanoparticles have been extensively discussed in some independent but detailed theoretical works on the metallic particles' symmetry [47] [48] . These works have shown that for uniformly distributed particles, strongly pronounced SPR peaks dominated the optical spectra while broadened peaks with less intensity are prevalent for particles with inconsistent symmetry. Here, the observed SPR peaks are centered within 395-418 nm for the various implantation fluences (Figure 5b) . The fluence dependence of the SPR peaks and a summary of this dependency are presented in Figure 5c and Table 2 , respectively.
The optical band gaps of the pristine and irradiated amorphous carbon films were determined using the Tauc's relation given in Equation (1) . According to this relation, the fundamental absorption edge plays central roles in the determination of the optical band gap for both direct and indirect interband electronic transitions in the material such that the absorption coefficient (α) as a function of photon energy (ℎ ) is given by [49] .
where A is a constant, ℎ defines the photon energy, , is the optical band gap energy of the material which represents the energy difference between the valence and conduction bands, respectively, while is an index In this work, however, particle aggregation occurs after low energy (25 keV) and high fluence (~10 16 ions/cm 2 ) implantation of Ag ions. As the particles aggregate, their inter-atomic spacing decreases and the distance between the two corresponding valence bands reduces thereby increasing the frequency of the electromagnetic emission after being laser-excited and consequently a decreased wavelength (blue shifting) [46] . Particle size and morphology dependence of the SPR peak positions of Ag nanoparticles have been extensively discussed in some independent but detailed theoretical works on the metallic particles' symmetry [47, 48] . These works have shown that for uniformly distributed particles, strongly pronounced SPR peaks dominated the optical spectra while broadened peaks with less intensity are prevalent for particles with inconsistent symmetry. Here, the observed SPR peaks are centered within 395-418 nm for the various implantation fluences (Figure 5b) . The fluence dependence of the SPR peaks and a summary of this dependency are presented in Figure 5c and Table 2 , respectively. Table 2 . Summary of major optical parameters for pristine a-C and the respective Ag:a-C films. The optical band gaps of the pristine and irradiated amorphous carbon films were determined using the Tauc's relation given in Equation (1) . According to this relation, the fundamental absorption edge plays central roles in the determination of the optical band gap for both direct and indirect interband electronic transitions in the material such that the absorption coefficient (α) as a function of photon energy (hυ) is given by [49] .
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where A is a constant, hυ defines the photon energy, E g , is the optical band gap energy of the material which represents the energy difference between the valence and conduction bands, respectively, while r is an index having values between 1 2 and 3 depending on the nature of the interband electronic transitions. A plot of (αhυ) 1 r versus hυ yields a curve whose extrapolation in the linear portion to the hυ axis (i.e., α = 0) gives the optical band gap energy. In this research, the value of r is taken as 2 due to the amorphous nature of the carbon matrix [50] .
The Tauc plots in Figure 6 show significant decrease in the optical gap of the films from 1.79 eV for pristine a-C to 1.41 eV for the lowest fluence nanocomposite. A similar trend (i.e., red shifting) has been reported for sp 3 -rich diamond-like amorphous carbon films doped with varying concentrations of Ag nanoparticles; optical bang gap decreased from 2.55 eV to 1.95 eV [50, 51] . This nanoparticle effect is explained based on the carbon sp 2 cluster model, by Robertson [52] , according to which the bonds in amorphous carbon contain mixtures of sp 2 and sp 3 bonds such that the sp 2 sites form graphitic clusters which are embedded in the sp 3 bonded matrix. Relating this model with the suggestion by Robertson and O'Reilly [53] that the π bonds of amorphous carbon are much weaker than the σ bonds, it would imply that the implanted Ag ions will sit in the vicinity of the sp 2 sites of weaker π bonds than they would in the vicinity of the sp 3 sites of stronger σ bonds. This is because, even as the local electrons in the π bonds are loosely bound together, they would not react with the silver atoms due to collective repulsive effect of the contributing valence electrons of Ag ions resulting in the shifting of sp 2 cluster towards the Fermi energy level. In another view, increasing the fluence of Ag results in a more pronounced NP particle aggregation as observed from TEM micrographs of the nanocomposites. The sitting of metal particles occurs on both ends of the energy gap (i.e., the occupied π and unoccupied π* states) linked to the sp 2 sites [54] so that the collective effect of the implanted Ag NPs, on the sp 2 cluster, becomes enormous in terms of cluster shifting or size increase. In either case, the Fermi energy level is distorted (i.e., reduced in size) and consequently reducing the effective optical band gap of the material. ℎ versus ℎ yields a curve whose extrapolation in the linear portion to the ℎ axis (i.e. = 0) gives the optical band gap energy. In this research, the value of r is taken as 2 due to the amorphous nature of the carbon matrix [50] . The Tauc plots in Figure 6 show significant decrease in the optical gap of the films from 1.79 eV for pristine a-C to 1.41 eV for the lowest fluence nanocomposite. A similar trend (i.e., red shifting) has been reported for sp 3rich diamond-like amorphous carbon films doped with varying concentrations of Ag nanoparticles; optical bang gap decreased from 2.55 eV to 1.95 eV [50, 51] . This nanoparticle effect is explained based on the carbon sp 2 cluster model, by Robertson [52] , according to which the bonds in amorphous carbon contain mixtures of sp 2 and sp 3 bonds such that the sp 2 sites form graphitic clusters which are embedded in the sp 3 bonded matrix. Relating this model with the suggestion by Robertson and O'Reilly [53] that the π bonds of amorphous carbon are much weaker than the σ bonds, it would imply that the implanted Ag ions will sit in the vicinity of the sp 2 sites of weaker π bonds than they would in the vicinity of the sp 3 sites of stronger σ bonds. This is because, even as the local electrons in the π bonds are loosely bound together, they would not react with the silver atoms due to collective repulsive effect of the contributing valence electrons of Ag ions resulting in the shifting of sp 2 cluster towards the Fermi energy level. In another view, increasing the fluence of Ag results in a more pronounced NP particle aggregation as observed from TEM micrographs of the nanocomposites. The sitting of metal particles occurs on both ends of the energy gap (i.e., the occupied π and unoccupied π* states) linked to the sp 2 sites [54] so that the collective effect of the implanted Ag NPs, on the sp 2 cluster, becomes enormous in terms of cluster shifting or size increase. In either case, the Fermi energy level is distorted (i.e., reduced in size) and consequently reducing the effective optical band gap of the material. One of the standards used in measuring the inhomogeneous disorder in amorphous systems is the Urbach energy, [55] . The Urbach energy (also called the Urbach parameter) describes the tendency of an amorphous system to convert the characteristic weak bonds in its natural disorder into defects, often described as defect density [55] . The optical absorption coefficient is related to the Urbach parameter [56] as follows; ln = ℎ + ln (2) A plot of ln versus photon energy (ℎ ) in Equation (2) One of the standards used in measuring the inhomogeneous disorder in amorphous systems is the Urbach energy, E u [55] . The Urbach energy (also called the Urbach parameter) describes the tendency of an amorphous system to convert the characteristic weak bonds in its natural disorder into defects, often described as defect density [55] . The optical absorption coefficient is related to the Urbach parameter [56] as follows;
A plot of ln α versus photon energy (hυ) in Equation (2) was used to determine the Urbach energy, of the nanocomposite by evaluating the inverse of each slope along the linear portions of the respective C 2019, 5, 45 9 of 12 curves. Figure 7a ,b show the Urbach plots for pristine and Ag irradiated a-C films. Respective values of E u were observed to increase in proportion to the increasing fluence of Ag NPs; from 0.01 eV for the pristine film to 12.0 eV for the nanocomposite with the highest irradiation fluence. An increase in E u values demonstrates usefulness in the probing disorder [57] and is attributed to cluster size distribution that helps in evaluating the optical response (particularly absorption) due to defect states in amorphous carbon nanostructures [58] . To this end, absorption edge generation at the extremes of the band gap energy could be attributed to either exciton-phonon or electron-phonon interaction influenced by the Ag ions [57] . The stronger the interaction, the higher the Urbach energy values and more bands' bending leading to reductions in the optical band gap. In order words, increasing the fluence of Ag nanoparticles increases the Urbach energy and, by extension, reduces the optical band gap energy.
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Optical Parameters Pristine Film A B C
Optical band gap energy, (eV) (±0.03) 1.79 1.7 1 1.48 1.41
Urbach energy, (eV) (±0.2) 0.01 9.7 10.9 12.0 SPR peak position, (nm) -418 401 395
Conclusions
The ability of carbon to exist in different stand-alone allotropes makes it an interesting research material. The use of noble metal nanoparticles for property modification of carbon based materials shows promise for research and industrial applications. Accelerator based ion implantation, having an edge over conventional chemical deposition methods, served as an excellent tool in producing carbon nanocomposites with improved properties. In this paper, optical characterization of Ag implanted amorphous carbon films were conducted. The Ag incorporation induced substitutional defects which distorted the materials electronic structure thereby leading to changes in the overall optical transparency and optical band gap. The optical band gap decreases from 1.79 eV to 1.41 eV while Urbach energy increases from 0.01 eV to 12.0 eV. A potential advantage of this tunable band gap can be taken by adequate control of nanoparticle doping for advanced nanoscale materials research and for optimization of applications in areas such as surface coatings and as functional materials for solar cell efficiency enhancement. 
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